The target site for inhaled vapor-induced injury often differs in mouth-breathing humans compared with nose-breathing rats, thus complicating the use of rat inhalation toxicity data for assessment of human risk. We sought to examine sensitivity of respiratory/transitional nasal (RTM) and tracheobronchial (TBM) mucosa to two electrophilic irritant vapors: diacetyl and acrolein. Computational fluid dynamic physiologically based pharmacokinetic modeling was coupled with biomarker assessment to establish delivered dose-response relationships in RTM and TBM in male F344 rats following 6 h exposure to diacetyl or acrolein. Biomarkers included glutathione status, proinflammatory and antioxidant gene mRNA levels, and nuclear translocation of nuclear factor (erythroid-derived 2)-like 2 (Nrf2). Modeling revealed that 0.0094-0.1653 g acrolein/min-cm 2 and 3.9-21.6 g diacetyl/min-cm 2 were deposited into RTM/TBM. Results indicate RTM and TBM were generally of similar sensitivity to diacetyl and acrolein. For instance, both tissues displayed induction of antioxidant and proinflammatory genes, and nuclear accumulation of Nrf2 after electrophile exposure. Hierarchical cellular response patterns were similar in RTM and TBM but differed between vapors. Specifically, diacetyl exposure induced proinflammatory and antioxidant genes concomitantly at low exposure levels, whereas acrolein induced antioxidant genes at much lower exposure levels than that required to induce proinflammatory genes. Generally, diacetyl was less potent than acrolein, as measured by maximal induction of transcripts. In conclusion, the upper and lower extrapulmonary airways are of similar sensitivity to inhaled electrophilic vapors. Dosimetrically based extrapolation of nasal responses in nose-breathing rodents may provide an approach to predict risk to the lower airways of humans during mouth-breathing.
damage to the smaller airways (Hubbs et al., 2002 (Hubbs et al., , 2008 . This proximal to distal airway pattern of injury is commonly observed (Harkema, 1990) . The delivered dose of water-soluble vapors in the nose is higher than in the lower airways, which may contribute to this pattern (Brain, 1970; Haggard, 1924; Morris and Smith, 1982) . The magnitude of the histopathological changes in the upper and lower airways of the rat following acute diacetyl exposure correlates strongly with estimated site-specific delivered dose derived from a validated CFD-PBPK model (Gloede et al., 2011; Morris and Hubbs, 2009) , suggesting that differences in severity of response were attributable to differences in delivered dose between the nose and tracheobronchial airways. However, histologically based comparisons of tissue response and dosimetry may be insufficiently quantitative and sensitive to fully evaluate the role of dosimetry versus tissue responsiveness. The goal of the current study was to precisely examine the responsiveness of the respiratory tissues of the upper and lower extrapulmonary airways to diacetyl by relying on biochemical and molecular measures of cellular response coupled with CFD-PBPK modeling of site-specific delivered dose. Olfactory tissues of the nose were not examined because they are of different embryological origin and differ fundamentally from respiratory tissues. To provide preliminary information on whether any observed patterns were specific to diacetyl or were more generally applicable, the response of these airways to acrolein, another water-soluble air pollutant, was investigated. To facilitate this latter goal the CFD-PBPK model for acrolein dosimetry of Schroeter et al. (2008) was modified to provide dosimetry estimates for this vapor.
Diacetyl and acrolein are both electrophilic vapors that induce an airway inflammatory response. Acrolein is a soft electrophile with preferential reactivity toward thiol (Stevens and Maier, 2008; Thompson and Burcham, 2008; Wiley et al., 2008) , whereas diacetyl favors reactivity with hard biological nucleophiles, such as guanosine (More et al., 2012) or amine groups (Mathews et al., 2010; Saraiva et al., 2006; Tokikawa et al., 2014) . Acute nasal and tracheobronchial responsiveness to these vapors was assessed by measuring reduced and oxidized glutathione (GSH and GSSG, respectively) levels, induction of oxidant/electrophilic stress-responsive genes, and induction of proinflammatory genes. Cellular electrophilic stress can cause translocation of the transcription factor nuclear factor (erythroid-derived 2)-like 2 (Nrf2) to the nucleus. Upon binding of Nrf2 to the antioxidant response element (ARE), Nrf2 induces transcription of many cytoprotective genes, such as NADPH quinone oxidoreductase 1 (Nqo1), the catalytic subunit of glutamylcysteine ligase (Gclc), and heme oxygenase 1 (Hmox1) (Bataille and Manautou, 2012) . To evaluate the antioxidant response of the airway mucosa, both nuclear Nrf2 translocation and induction of these genes following diacetyl or acrolein exposure were measured. Induction of the proinflammatory genes chemokine-induced neutrophil chemoattractant-1 (Cinc1) and interleukin-6 (Il6) were measured to assess the proinflammatory response of the airway mucosa.
CFD-PBPK estimates of nasal and tracheobronchial airway site-specific delivered doses of diacetyl and acrolein were used to construct site-specific delivered dose-response relationships for the measures described above. Through this approach, the hypothesis that the nose and lower extrapulmonary airways exhibit similar responsiveness to inhaled electrophilic vapors was tested. If confirmed, dosimetrically adjusted extrapolation of nasal responsiveness in nose-breathing rodents could be used to predict lower airway responsiveness in mouth-breathing humans for similar vapors.
MATERIALS AND METHODS
Animals and reagents. Male F344 rats (VAF-Plus Crl:CDBR) were obtained from Charles River Laboratories (Wilmington, MA) and were acclimatized for at least 1 week prior to use. Animals were housed in AAALAC approved facilities under standard conditions (22
• C-25
• C with a 12 h light-dark cycle). Food (Lab Diet, PMI Nutrition International, Brentwood, MO) and tap water were provided ad libitum. At the time of study rats were 8-12 weeks of age. Body weights averaged 200 g. Acrolein and diacetyl (Ͼ99% purity) were obtained from Sigma-Aldrich (St. Louis, MO). All other reagents were the highest purity available and were obtained from local suppliers.
Acrolein and diacetyl exposure generation and analytical techniques. Rats were exposed to varying concentrations of diacetyl or acrolein for 6 h in 12-port nose-only inhalation chambers (CH Technologies, Westwood, NJ). Atmospheres were generated by flash evaporation (Gloede et al., 2011; Willis et al., 2011) . Vapor concentrations never exceeded 1% of the vapor pressure to ensure no aerosolization of test compound. Chamber air flow rates were maintained at 10-12 l/min (depending on the exposure concentration) with clean, filtered air. Atmospheric concentrations were monitored every 3 min via a Varian 3600 gas chromatograph (GC; Varian, SugarLand, TX) equipped with a gas sampling valve. Flame-ionization detection and a 15-DB WAX megabore column were used with a column temperature of 35 • C or 60
• C for acrolein or diacetyl, respectively. Chamber concentrations were based on standard curves generated by adding known amounts of compound into glass bottles which were heated to evaporation, cooled, and then sampled via the sample train and GC that was used for chamber air analysis (as described in detail in Gloede et al., 2011; Morris, 1996; Willis et al., 2011) .
In vivo exposure and tissue collection. Animals were exposed to target concentrations of diacetyl (0, 50, 100, 200, 300 ppm) or acrolein (0, 0.2, 0.5, 2.0, 4.0 ppm) in the air via nose-only inhalation for 6 h. These concentrations were selected to cover a range from acutely subcytotoxic to cytotoxic concentrations of diacetyl (0-100 and 200-300 ppm, respectively) (Hubbs et al., 2002 (Hubbs et al., , 2008 or acrolein (Cassee et al., 1996; Dorman et al., 2008; Feron et al., 1978) (0-0.5 and 2.0-4.0 ppm, respectively). Immediately following exposure, rats were terminated by anesthesia (urethane 1.3 g/kg, ip) followed by exsanguination. The head was removed and split sagitally to reveal the nasal septum. The respiratory/transitional mucosa (RTM) was removed off of the nasal septum and maxilloturbinates. These tissues line the anterior dorsal and anterior and posterior ventral portions of the nasal cavity (Harkema, 1990) . Olfactory tissues, which line the posterior dorsal portion of the nasal cavity, were not collected. The distal third of the trachea and mainstem bronchi (tracheobronchial mucosa, TBM) was isolated and cleaned of connective tissue. Tissues were immediately snap-frozen in liquid nitrogen, and stored at −80 • C for GSH/GSSG and quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) analysis. Fresh tissue was used for Nrf2 translocation studies.
Measurement of GSH/GSSG levels. GSH and GSSG levels were measured using high performance liquid chromatography (HPLC) with electrochemical detection as previously described (Lakritz et al., 1997) , with modifications (Cichocki et al., 2014) . Briefly, tissues were homogenized in 500 mM perchloric acid-5 mM diethylenetriaminepentaacetic acid and centrifuged to pellet proteins. Supernatants were injected into the HPLC for analysis. Pel-leted protein content was measured (Lowry et al., 1951) . Data were expressed as nmols/mg protein.
qRT-PCR. qRT-PCR was performed as described in Cichocki et al. (2014) . A list of Taqman R probes used, along with their NCBI reference number is listed in Supplementary table 1 (see Supplemental Materials). Expression of all target genes was normalized to ␤-actin expression. Results are represented as the fold change in induction of target genes compared with air-exposed (control) animals (2 −⌬ ⌬ CT method) (Livak and Schmittgen, 2001 ).
Nrf2 nuclear translocation. Fresh tissues were homogenized on ice in Buffer A (10 mM HEPES-KOH, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM disthiothreitol, 0.2 mM phenylmethylsulfonylfluoride, pH 7.9) to allow swelling of nuclei. After centrifugation at 1000 × g for 10 min at 4
• C, supernatants were discarded and pellets were washed in Buffer A and centrifuged again. Pellets containing nuclear proteins were extracted in Buffer B (20 mM HEPES-KOH, 1.5 mM MgCl 2 , 420 mM NaCl, 0.2 mM ethylenediaminetetraacetic acid, 0.5 mM disthiothreitol, 25% glycerol (v:v), 0.2 mM phenylmethylsulfonylfluoride, pH 7.9) on ice for 1 h, with occasional vortexing. Protein content was determined using Lowry method. Samples were reduced in Laemmli sample buffer, heated for 5 min at 95
• C and 60 g of protein was separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Proteins were transferred to polyvinylfluoridine membranes, blocked for 3 h at room temperature in 5% non-fat dry milkTris buffered saline-0.05% Tween (NFDM-TBST) and probed with rabbit anti-Nrf2 or mouse anti-TBP (nuclear loading control) primary antibodies (Abcam, Cambridge, MA). Antibodies, diluted 1:1,000 (Nrf2) or 1:2,000 (TBP) in NFDM-TBST were incubated with membranes overnight at 4 • C. After washing, goat secondary antibodies (diluted 1:2000 in NFDM-TBST), were incubated for 1 h at room temperature and enhanced chemiluminescence reagents (Thermo Scientific, Waltham, MA) were used for visualization of protein bands. Nrf2 -/-mouse tissue (60 g liver cytoplasmic lysate) was used as a negative control.
CFD-PBPK modeling. The validated hybrid CFD-PBPK model for the rat for diacetyl, including all anatomical, physiological, and biochemical parameters, was identical to that described previously (Gloede et al., 2011) . Briefly, in this model air is allowed to pass over stacks of tissue compartments whose dimensions are based on anatomical measurement. The tissue compartment stacks span the entire rat respiratory tract (e.g., nasal to pulmonary airways). In all airways the most superficial layer of the tissue compartment is the mucous lining layer, followed by epithelial and submucosal compartments. Vapor transfer from air to mucous lining layer is described on the basis of a mass transfer coefficient. The vapor diffuses through the compartments in accordance with tissue diffusivity. The submucosal compartments are allowed to be perfused by blood. Direct reaction and metabolism terms are included in each compartment. Partition coefficients (blood:air) for diacetyl (Gloede et al., 2011) and acrolein (Morris, 1996) were obtained from previous studies. This model has been validated for inhalation dosimetry of diacetyl (Gloede et al., 2011) . For acrolein, the identical model structure and anatomical and physiological parameters were used. The biochemical parameters for acrolein that were provided by Schroeter et al. (2008) were used with one exception. Schroeter et al. described acrolein reactivity as a pseudo first-order process, under the assumption that tissue substrate concentrations were not depleted by acrolein. Acrolein reacts with sulfhydryl moieties and our results
FIG. 1.
Shown is the measured (bars) and predicted (circle) nasal acrolein uptake efficiency under three inspiratory flow conditions: 100 or 300 ml/min unidirectional inspiratory and cyclic flow (100 breaths/min with a tidal volume of 1.0 ml). The measured uptake efficiencies were provided by Morris (1996) . The model estimates closely described the measured values under all flow regimes at both inspired concentrations.
indicated sulfhydryls were significantly depleted by acrolein (as indicated by depletion of GSH). Therefore, in the current model a second-order reaction equation for reactivity was used. As an example, the mass balance equation for vapor in a deep epithelial compartment (E2), which is immediately below the E1 epithelial compartment and immediately above the S1 submucosal compartment, is given by:
where V t is the volume of the tissue compartment (all tissue compartments of a stack are of the same volume), kb governs the diffusion between compartments (as described by Morris et al., 1993) , C e1 , C e2 , and C s1 are the concentrations in the superficial and deep epithelial, and superficial submucosal compartments, respectively, and V maxe2 and K m are the Michealis-Menten constants for the high affinity pathway, and V maxe2L and K mL are the Michaelis-Menten constants for the low affinity pathway. The final term in the equation is the second-order reaction term where K 2 is the second-order rate constant for direct reactivity and C SH is the tissue sulfhydryl concentration estimated from the measured GSH value under the assumption that GSH is a surrogate for the total sulfhydryl availability. A K 2 value of 240 min −1 mol −1 was obtained by fitting the model to the nasal uptake data of Morris (1996) . With this value the model accurately described nasal acrolein uptake under a variety of inspiratory flow conditions (see below, Fig. 1 ). As a validated diacetyl model has previously been published by our lab (Gloede et al., 2011) in which nasal diacetyl uptake was accurately predicted and described, the diacetyl data are not presented herein. For details, see Gloede et al. (2011) .
GSH reactivity assay. Diacetyl and acrolein are both electrophiles, albeit with differing chemical reactivities. Therefore, we examined the reactivity of diacetyl and acrolein with glutathione (GSH) in vitro. To determine the thiol reactivity, acrolein and diacetyl were incubated with GSH in phosphate-buffered saline 5 mM ethylenediaminetetraacetic acid (pH 7.5) with toxicant
FIG. 2. Reactivity of diacetyl and acrolein with GSH in vitro.
Varying amounts of diacetyl and acrolein were reacted with 640 nmols of GSH for 30 min at 37
• C and unreacted GSH (A) or headspace air electrophile content (B) was measured as detailed in the Materials and Methods. At a molar ratio of acrolein:GSH of 1:1, Ͻ1% of GSH or acrolein remain, whereas at a ratio of 0.5:1 or 2:1, about 40-50% of GSH or acrolein remain, respectively. This is expected if acrolein binds to GSH in a stoichiometric 1:1 reaction. Diacetyl did not display reactivity with thiol. Data are expressed as mean ± SD (n = 3 experiments run in duplicate).
FIG. 3. Inspired concentration-response (A) or delivered dose-response (B)
curves examining the effect of 6 h diacetyl exposure on GSH levels in RTM and TBM. Filled circles represent RTM and open circles represent TBM. Data points and error bars represent mean ± SE (n = 6/group). Control GSH levels averaged 17.1 ± 1.6 and 7.5 ± 0.7 (mean ± SE; n = 12/group) nmol/mg protein in the RTM and TBM, respectively. All GSH values were normalized to the percent of control values. *p Ͻ 0.05 for exposed RTM versus control RTM; #p Ͻ 0.05 for exposed TBM versus control TBM (ANOVA with Newman-Keuls post hoc test). Average exposure concentrations of diacetyl were 61.2 ± 0.3, 102.7 ± 1.3, 208.3 ± 0.6, and 306.7 ± 1.0 ppm (mean ± SD; n = 6/ group).
disappearance being monitored by GC and GSH disappearance being monitored spectrophotometrically. Acrolein and diacetyl concentrations were 0.8, 1.6, or 3.2 mM; GSH concentration was 1.6 mM to approximate the concentration in nasal tissues (see below, Fig. 3 ). After 30 min incubation at room temperature, an air sample was removed from the headspace air and analyzed via GC and reduced thiol content of the liquid phase was measured with Ellman's reagent and spectrophotometric absorption at 412 nm (Sedlak and Lindsay, 1968) . All reactions were performed in duplicate and entire experiments were repeated two additional times.
Statistical analysis. Data are presented as mean ± SEM unless otherwise indicated. Data were analyzed by ANOVA followed by Newman-Keuls post hoc test (XLStat, Addinsoft, New York, NY). A p Ͻ 0.05 was required for statistical significance. All genes were normalized to ␤-actin expression levels and analyzed via 2 ⌬ ⌬ CT method. mRNA levels are expressed as fold-change over the 0 ppm (control) group. *p Ͻ 0.05 for exposed RTM versus control RTM; #p Ͻ 0.05 for exposed TBM versus control TBM (ANOVA with Newman-Keuls post hoc test). Average exposure concentrations of diacetyl were 61.2 ± 0.3, 102.7 ± 1.3, 208.3 ± 0.6, and 306.7 ± 1.0 ppm (mean ± SD; n = 6/ group).
RESULTS
CFD-PBPK modeling was used to estimate toxicant (i.e., acrolein or diacetyl) flux into either RTM or TBM (Table 1) . Flux of diacetyl ranged between 1.4 and 22 g/min-cm 2 at diacetyl exposure concentrations of 50-300 ppm and 0.003-0.17 g/mincm 2 at acrolein concentrations of 0.2-4 ppm. At all concentrations, the delivered dose to TBM is between 36% and 54% of that delivered to RTM for both vapors. As the maximal flux in RTM exceeded that in TBM, graphical representation of these data cause the data to appear truncated, however, this is only due to differences in delivered dose to each tissue (see below). Estimated fluxes for diacetyl (Gloede et al., 2011) and acrolein (Corley et al., 2012) were similar to literature values. For comparative purposes, dose-response data were represented as both inspired concentration and delivered dose-response curves.
In vitro reactivity of diacetyl and acrolein with GSH confirmed their differential reactivity. As shown in Figure 2A , acrolein reacted rapidly and quantitively with GSH in vitro. In contrast, incubation of diacetyl with GSH in vitro resulted in neither the loss of airborne diacetyl or the disappearance of GSH indicating that diacetyl reacts with GSH slowly, if at all (Fig. 2B) .
Antioxidant and proinflammatory responses were observed in diacetyl-exposed animals (Figs. 3-5 ). Note that 6 h diacetyl exposure did not cause consistent loss of GSH in either RTM or TBM (Fig. 3) . At a flux of 15 g diacetyl/min-cm 2 entering the RTM, there was statistically significant loss (to 70% of control) of GSH, however, there was not significant loss at higher exposure levels. No accumulation of GSSG was observed in either tissue site at any concentration of diacetyl tested. Diacetyl-exposed animals did exhibit induction of proinflammatory genes (Fig. 4) . In RTM, induction of Cinc1 was observed in every diacetyl exposure group ( Fig. 4A and B) . In TBM, however, statistical induction was only observed at concentrations ≥100 ppm (Fig. 4A) . Expressed as inspired concentration-response relationships, it appears that RTM is more responsive than TBM, however, when normalized for delivered dose, RTM and TBM appear to be of similar sensitivity to diacetyl-induced Cinc1 induction, with maximal induction of about 20-fold higher than control in both tissues (Fig.  4B ). Induction of Il6 was only observed in RTM, and not TBM, of diacetyl-exposed rats ( Fig. 4C and D) . Il6 transcript levels in RTM were increased following diacetyl exposure in all exposure groups examined, with ∼15-fold induction in RTM exposed to ∼20 g diacetyl/min-cm 2 (Fig. 4D) . Thus, regardless of the dosimetric, RTM appeared more responsive than TBM. Expression of antioxidant genes were altered by 6 h diacetyl exposure (Fig. 5) . Nqo1 levels were not statistically effected by diacetyl exposure in RTM or TBM (Fig. 5A and B) . Gclc levels increased in RTM at inspired concentrations of 50-100 ppm, and in TBM at inspired concentrations of 100-200 ppm diacetyl (Fig.  5C ). Maximal induction in either tissue was about fourfold over control. In the 200 ppm diacetyl exposure group, TBM appears more sensitive to Gclc induction compared with RTM; upon normalization for delivered dose, both RTM and TBM appear to be of similar sensitivity to diacetyl-induced Gclc induction (Fig. 5D) . In both tissues, Gclc induction decreased at higher exposure levels of diacetyl. Diacetyl-exposed RTM and TBM increased transcription of Hmox1 (Fig. 5E and F) . Although maximal Hmox1 induction was greater in RTM compared with TBM (30-fold compared with eightfold induction, respectively) irrespective of the dosimetric utilized, the shape of the delivered dose-response curve was remarkably similar in both tissues (Fig. 5F ). Induction of Hmox1 was highest in animals exposed to doses of diacetyl of 3.0-3.9 g/min-cm 2 , however, higher exposure levels lead to a decrease in expression. Comparison of the antioxidant (Fig. 5 ) and proinflammatory (Fig. 4) responses indicate the induction of proinflammatory genes is concomitant with induction of antioxidant genes following diacetyl exposure. As was observed with diacetyl exposures, acrolein-exposed rats exhibited an antioxidant and proinflammatory response in RTM and TBM (Figs. 6-8 ). Unlike diacetyl, exposure to acrolein vapor for 6 h lead to significant, dose-dependent GSH loss in RTM and TBM (Fig. 6) . GSH loss in RTM was observed in every acrolein exposure group; in TBM, acrolein only caused loss of GSH at concentrations ≥0.5 ppm (Fig. 6A) . At high concentrations of acrolein, GSH levels are decreased by 70-75%. When delivered dose of acrolein is considered, both tissues appear to be of fairly similar sensitivity to acrolein-induced GSH loss (Fig. 6B ) with, perhaps, TBM being more sensitive than RTM. As with diacetyl, (A and B) , Gclc, (C and D), and Hmox1 (E and F) gene expression. Filled circles represent RTM and open circles represent TBM. Data points and error bars represent mean ± SE (n = 6/group). All genes were normalized to ␤-actin expression levels and analyzed via 2 ⌬ ⌬ CT method. mRNA levels are expressed as fold-change over the 0 ppm (control) group. *p Ͻ 0.05 for exposed RTM versus control RTM; #p Ͻ 0.05 for exposed TBM versus control TBM (ANOVA with Newman-Keuls post hoc test). Average exposure concentrations of diacetyl were 61.2 ± 0.3, 102.7 ± 1.3, 208.3 ± 0.6, and 306.7 ± 1.0 ppm (mean ± SD; n = 6/group).
FIG. 5. Inspired concentration-response (A, C, E) or delivered dose-response (B, D, F) curves examining the effect of 6 h diacetyl exposure on Nqo1
no accumulation of GSSG was observed in any exposure group or tissue. Cinc1 and Il6 mRNA levels increase in RTM and TBM following 6 h acrolein exposure (Fig. 7) . At inspired concentrations of 2 and 4 ppm, acrolein induces Cinc1 in both RTM and TBM (Fig.  7A) with RTM appearing more responsive. Maximal induction of
FIG. 6. Inspired concentration-response (A) or delivered dose-response (B)
curves examining the effect of 6 h acrolein exposure on GSH levels in RTM and TBM. Filled circles represent RTM and open circles represent TBM. Data points and error bars represent mean ± SE (n = 6/group). Control GSH levels averaged 17.1 ± 1.6 and 7.5 ± 0.7 (mean ± SE; n = 12/group) nmol/mg protein in the RTM and TBM, respectively. All GSH values were normalized to the percent of control values. *p Ͻ 0.05 for exposed RTM versus control RTM; #p Ͻ 0.05 for exposed TBM versus control TBM (ANOVA with Newman-Keuls post hoc test). Average airborne acrolein exposure concentrations were 0.23 ± 0.03, 0.46 ± 0.00, 2.08 ± 0.05, 4.08 ± 0.03 ppm (mean ± SD; n = 6/ group).
Cinc1 is about 150-and 40-fold over control in RTM and TBM, respectively. When inspired concentration is substituted for delivered dose, both tissues appear similarly sensitive to Cinc1 induction following acrolein exposure (Fig. 7B) . Similar results are observed with Il6 ( Fig. 7C and D) , with RTM appearing more responsive on an inhaled concentration basis, but both tissues appearing similarly responsive on a delivered-dose basis.
Expression of antioxidant genes is altered by 6 h acrolein exposure (Fig. 8) . Nqo1 mRNA levels increased in both RTM and TBM following acrolein exposure, with a maximal induction of ∼12-fold and approximately fourfold in TBM and RTM, respectively (Fig. 8A) . Normalization for delivered dose indicates that the magnitude of response is higher in TBM compared with RTM (Fig. 8B) . However, the shape of the dose-response curve suggests these tissues are qualitatively similar in their sensitivity to acrolein-induced upregulation of Nqo1. Gclc induction was observed in RTM, but not TBM, of acrolein-exposed rats (Fig. 8C) . A fourfold induction of Gclc in RTM was observed in the 0.2 and 0.5 All genes were normalized to ␤-actin expression levels and analyzed via 2 ⌬ ⌬ CT method. mRNA levels are expressed as fold-change over the 0 ppm (control) group. *p Ͻ 0.05 for exposed RTM versus control RTM; #p Ͻ 0.05 for exposed TBM versus control TBM (ANOVA with Newman-Keuls post hoc test). Average airborne acrolein exposure concentrations were 0.23 ± 0.03, 0.46 ± 0.00, 2.08 ± 0.05, 4.08 ± 0.03 ppm (mean ± SD; n = 6/group). ppm acrolein exposure groups. Thus, RTM appears more sensitive to induction of Gclc following acrolein exposure irrespective of the dosimetric (Fig. 8C and D) . Statistically significant induction of Hmox1 was observed in both RTM and TBM in every acrolein exposure group (Fig. 8E) . Induction of Hmox1 in 2 ppmexposed animals was around 150-fold in both RTM and TBM. In Figure 8E , both tissues appear similarly responsive to acroleininduced Hmox1 upregulation; this is further supported when delivered dose is considered (Fig. 8F) .
To confirm that induction of ARE-responsive genes is coincident with Nrf2 nuclear translocation, nuclear protein levels of Nrf2 were measured (Fig. 9) . Representative Western blots are shown in Figure 9A and B. Air-exposed control rats (Fig. 9 , lanes 1 and 2) had very little to no nuclear Nrf2. Rats exposed to either 100 ppm diacetyl (lanes 5 and 6) or 0.5 ppm acrolein (lanes 3 and 4) had increased nuclear accumulation of Nrf2 in both RTM (Fig.  9A) and TBM (Fig. 9B) . Following 100 ppm diacetyl exposure, Nrf2 nuclear protein levels were increased about fivefold and 12-fold over air-exposed controls in RTM and TBM, respectively (Fig. 9C) . Both Nrf2 and TBP bands were completely absent in cytoplasmic proteins derived from Nrf2 knockout mice (Fig. 9, lane 7) .
DISCUSSION
For water-soluble reactive vapors, nasal toxicity during nosebreathing is clearly a sentinel for lower airway injury during mouth breathing. This is supported by studies examining the effects of nasal toxicants on the lower airways of rodents forced to breathe through their mouths (Dalbey et al., 1998; Stavert et al., 1991) . For instance, the bronchi of male F344 rats inhaling hydrogen fluoride through their noses were free of injury, whereas significant bronchial necrosis was observed in rats inhaling the halide through their mouths (Stavert et al., 1991) . Current risk assessment paradigms do not explicitly incorporate a quantitative approach for extrapolating the nasal risk during nose- breathing to lower airway risk during mouth-breathing (EPA, 1994) . With the advent of modern vapor dosimetry modeling (Gloede et al., 2011) it is now technically feasible to perform an airway-to-airway extrapolation based on differential dosimetry. Were these nasal and tracheobronchial airways to be of similar cellular responsiveness to toxic injury, this extrapolation might be straightforward. The goal of the current study was to study response patterns of the extrapulmonary mucociliary mucosallined airways in the context of delivered dose using two chemically distinct electrophilic air pollutants, diacetyl and acrolein. The responses of the nasal (RTM) and tracheobronchial (TBM) airways displayed much similarity. Both airways demonstrated induction of nuclear translocation of an electrophile-sensitive transcription factor (Nrf2), both were insensitive to diacetylinduced GSH loss and sensitive to acrolein-induced GSH loss, and both airways demonstrated the same hierarchical response relationship between proinflammatory versus antioxidant gene induction for both diacetyl and acrolein. Exposure to either diacetyl or acrolein vapor resulted in nuclear translocation of Nrf2 in RTM and TBM (Fig. 9) . The role of Nrf2 in the response of the pulmonary airways to toxic insult has been previously investigated. For example, Nrf2 contributes to defense against hyperoxia- (Reddy et al., 2011 ), diquat-(Wu et al., 2012 , and acrolein vapor- (Spiess et al., 2013) induced lung injury. To our knowledge, this is the first report demonstrating nuclear translocation of Nrf2 in nasal or tracheobronchial tissues in vivo, indicating that these regions of the airways are capable of mounting Nrf2-mediated responses. It has been hypothesized that reactive cysteine residues on Kelch-like ECHassociated protein 1 (Keap1), the cytoplasmic repressor of Nrf2, can interact with electrophiles, causing dissociation of Nrf2 from Keap1 and an increase in Nrf2 nuclear accumulation (Kobayashi and Yamamoto, 2005) . For acrolein, this hypothesis seems plausible, as it depletes GSH in vivo (Fig. 6 ) and reacts with thiol in vitro (Fig. 2) . Diacetyl, however, shows little to no reactivity with thiol in vitro (Fig. 2) and does not exhaust cellular GSH stores in vivo (Fig. 3) . Diacetyl is known to be reactive toward hard nucleophiles, such as amine groups on amino acids (Mathews et al., 2010; Saraiva et al., 2006; Tokikawa et al., 2014) . Lysine groups are important for the ubiquitin-dependent degradation of Nrf2 (Kansanen et al., 2013) and Keap1 (Zhang et al., 2005) in the proteasome. Diacetyl may therefore disrupt the degradation of Nrf2 or Keap1 through modification of these critical lysine residues and subsequent dysregulation of ubiquitination. Irrespective of mechanism, Nrf2 translocation was observed in both RTM and TBM of acrolein-or diacetyl-exposed animals. Nel et al. (2006) describe a hierarchical oxidative stress response pattern in which cells undergoing oxidative stress first mount, on the dose-response continuum, an antioxidant response, followed by an inflammatory response, and ultimately experience cell death as stress accumulates. With diacetyl exposure, coincident induction of proinflammatory and antioxidant genes at subcytotoxic (Hubbs et al., 2008) tissue fluxes of diacetyl is observed (Figs. 4 and 5 ). For instance, at 100 ppm in the air, diacetyl induces Cinc1 transcription, Nrf2 nuclear translocation, and increased Gclc and Hmox1 transcription in both RTM and TBM, indicating a lack of hierarchical response pattern in either tissue site. RTM and TBM are remarkably similar in their responsiveness to inhaled diacetyl, suggesting that the responsiveness of the pseudo-stratified columnar respiratory tract epithelium to inhaled diacetyl is fundamentally the same regardless of anatomical site. Gclc and Hmox1 both displayed biphasic dose-response curves in both tissues, although magnitude of Hmox1 induction was greater in RTM compared with TBM (Fig.  5F ). It appears as though Il6 induction is greater in RTM compared with TBM, however, induction of Il6 reaches maximal induction in RTM at a tissue flux of diacetyl that was not reached in TBM in this study (Fig. 4D) . Therefore, it is unknown whether increased delivery of diacetyl to TBM would induce Il6. Il6 induction is possible in TBM, as it is induced following acrolein exposure in that tissue site (Fig. 7D) . Overall, the response of RTM and TBM to inhaled diacetyl appear qualitatively and, to an extent, quantitatively similar upon normalization for delivered dose.
The hierarchical response pattern observed following acrolein exposure is very different than that observed for diacetyl. In fact, even the degree of gene induction is very dissimilar; the degree of induction following acrolein exposure tended to be higher. For instance, maximal induction of Il6 is 600-or 20-fold in RTM following acrolein or diacetyl exposure, respectively. Acrolein exposure caused increased transcription of Cinc1 (Fig. 7B) and Il6 (Fig. 7D ) in RTM and TBM only at higher tissue flux of acrolein. At lower tissue fluxes, the inflammatory response is absent, however, there is induction of antioxidant genes and nuclear accumulation of Nrf2. A study by Andersen et al. (2008) demonstrated that formaldehyde vapor-exposed rats exhibit a hierarchical oxidative stress response that is consistent with our observations for acrolein-exposed rats. Interestingly, formaldehyde, a cysteine-reactive electrophile (Uotila and Mannervik, 1979) caused increased transcription of FIG. 9. Representative Western blots of nuclear Nrf2 levels in RTM (A) or TBM (B) of animals exposed to air (control), diacetyl (100 ppm), or acrolein (0.5 ppm) for 6 h. (C) Densitometric analysis of relative band density. Average airborne diacetyl and acrolein exposure concentrations were 102.0 ± 3.9 and 0.54 ± 0.04 (mean ± SD; n = 3-4/group), respectively. The Nrf2:TBP band density ratio is expressed as fold change over the air-exposed (control) group (mean ± SE; n = 3-4/group). *p Ͻ 0.05 for exposed RTM versus control RTM; #p Ͻ 0.05 for exposed TBM versus control TBM via ANOVA with Newman-Keuls post hoc test.
Hmox1 in nasal tissues at both moderate and high concentrations (Andersen et al., 2008) ; a similar pattern for acrolein (Fig.  8E ) but not diacetyl (Fig. 5E ) was observed. This highlights the fact that there are significant differences between the responses to diacetyl and acrolein that may be dependent on cysteine reactivity.
As observed with diacetyl, both RTM and TBM appear to be of similar tissue sensitivity to inhaled acrolein. For instance, the degree of proinflammatory gene induction is similar in both tissue sites, as is the induction of Hmox1. Additionally, GSH status appears similar following exposure. However, notable differences do exist. Gclc induction is greater in RTM compared with TBM, whereas nuclear levels of Nrf2 and mRNA levels of Nqo1 are greater in TBM compared with RTM. Thus, RTM and TBM do not display quantitatively identical response patterns for all measures, and it is possible that some of the quantitative differences may be toxicologically important. Nonetheless, the qualitative delivered dose-response relationship of both tissues is similar.
Understanding delivered dose-response relationships is critical to interpreting inhalation toxicity data. By coupling CFD-PBPK modeling to biochemical and molecular responses, it is demonstrated here that RTM and TBM are of similar responsiveness to the two electrophilic air pollutants examined; different conclusions may be generated by examining tissue concentration instead of delivered dose. For instance, rats inhaling 2 ppm acrolein exhibit greater induction of Cinc1 and Il6 in RTM compared with TBM ( Fig. 5A and C) . Therefore, one may conclude that RTM is more sensitive to acrolein-induced proinflammatory gene induction. However, when CFD-PBPK model-derived tissue fluxes of acrolein are used instead of inspired concentrations, it appears that RTM and TBM are of similar sensitivity to acroleininduced proinflammatory responses ( Fig. 5B and D) . This highlights the importance of understanding airway dosimetry when interpreting inhalation toxicity data derived from rodents.
The results of this study may differ for vapors that require metabolic bioactivation to illicit toxicity, such as naphthalene. In such a case, detailed information on enzyme activity and kinetics must be known prior to modeling dosimetry in order to interpret toxicity data. For an elegant example of CFD-PBPK modeling of naphthalene dosimetry in the rat, see Campbell et al. (2014) . The current study is also limited by the fact that only acute exposures were performed. Repeated exposure to an inhaled toxicant could disrupt airway dosimetry. For example, rats pre-exposed to acrolein vapor (0.6-1.8 ppm) for 6 h/day, 5 days/week, for 14 exposure days had increased nasal uptake of acrolein vapor and had a decreased susceptibility to acrolein-induced GSH loss in respiratory nasal regions . Future studies on the effects of repeated exposures to inhaled electrophilic vapors on airway dosimetry and tissue sensitivity to electrophileinduced toxicity are warranted.
The comparisons made in this study were between the pseudo-stratified columnar mucociliated mucosal-lined airways
